Abstract: Atmospheric blocking is a long standing structure stalled in the mid-troposphere which is often associated with extreme weather events such as droughts, heatwaves, flood and cold air outbreak. A striking atmospheric blocking is identified to persist over the US during 13-17 August 2007, exacerbating the existing drought over the Southeastern US. This pronounced blocking event not only intensified the concurrent drought conditions, but also led to a record-breaking heatwave over the Southeast of the US. The excessive heat observed during this heatwave is attributable to the subsidence-associated adiabatic warming as well as the dry-and-warm air advection over Alabama and the neighboring states. At the local scale, we choose Birmingham, AL, as the study area for exploring the blocking influence on urban heat island. Based on the remote sensing data, the surface (skin) urban heat island is found to be 8 • C in this area on the block-onset day. This provides partial evidences that the surface urban heat island intensity is likely amplified by the blocking-induced heat waves. The present work provides a unique case study in which blocking, drought, heatwave and urban heat island all occur concurrently, and interplay across a spectrum of spatial scales. We conclude that atmospheric blocking is capable of reinforcing droughts, initiating heatwaves, and probably amplifying the urban heat island intensity during the concurrent period.
Introduction
Atmospheric blocking is a large-scale atmospheric dynamic feature, which is commonly identified in the mid-troposphere over the mid-latitudes as shown in many studies such as Rex [1] , Austin [2] , Colucci [3] , Dole and Gordon [4] . In terms of the midtropospheric geopotential height field, atmospheric blocking can be characterized as several types including the Greek letter Ω shape, high-over-low dipole pattern, and cutoff high or low pattern. When atmospheric blocking takes place, the normally west-to-east moving weather system would be stalled over a certain region for consecutive days up to even months. In turn, this often leads to extreme weather events such as drought, heat waves, floods, and cold air outbreaks. For instance, the 2011-2014 California drought was closely associated with a predominant blocking ridge which persisted over the North Pacific Ocean for a span of several months, as studied by Wang et al. [5] , Teng and Branstator [6] , Seager et al. [7] , Williams et al. [8] . This drought has caused severe damage on the State's water supply, agricultural production, and many other economic factors. Another example is the 2003 European heatwave, as examined by Chase et al. [9] , Fischer and Seneviratne [10] , which resulted from a The remainder of this study is organized as follows. Section 2 explains data used in this study with details. The definition and detection of blocking are also described in detail in this section. In Section 3, the dynamical linkage of blocking to the 2007 August drought, heatwave in Southeastern US, and UHI in Birmingham, AL, USA is investigated. Discussion is provided in Section 4. Finally, conclusions and further work are presented in Section 5.
Data
In this study, we are focused on the period of 9-17 August 2007 during which a blocking, drought and heatwave concurrently took place in the Southeastern US. In addition, the variations of UHII during this unique period will be examined as well.
The National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) daily reanalysis data is used to detect blocking in the Northern Hemisphere as well as analyze the drought, heatwave and UHI selected in the present study. The daily fields of NCEP-NCAR reanalysis are mostly available at 17 vertical pressure levels (p = 1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20 and 10 hPa) on a 2.5 • × 2.5 • [22] .
The observed precipitation data is from Global Precipitation Climatology Center (GPCC). It is on the global grid with 2.5 • × 2.5 • spatial resolution.
The UHI is expressed as the temperature difference between urban and rural areas in a metropolitan area. Here temperature can be measured in either air temperature or land surface (or skin) temperature [23] . Here we chose to use the land surface temperature (LST) which is converted from the remote sensing data of Landsat 5 TM following Sobrino et al. [24] . The details of LST conversion are provided in Section 3. The Landsat program provides the longest continuous space-based observation of Earth's land [25] .
Results

Linkage of Blocking to Southeastern Drought of 2007
The southeast of the US was struck by a record intense drought during the 2006-2008. Figure 1 shows the Palmer Drought Severity Index (PDSI) [26] time series in Alabama during January of 2005 till 2009. The PDSI values are associated with various drought conditions with PDSI ranging from −3.0 to −3.99 categorized as severe drought, and −4.0 or less as extreme drought. It is apparent that the 2006-2008 drought stands out with persistent low PDSI values. In particular, the drought intensity reaches the peak for August and September of 2007, with PDSI being near or exceeding −5, which means exceptional drought. Figure 2 shows the 2-D drought intensity across the Southeastern US region for the week of 14 August 2007. The various drought intensity levels are represented by colors ranging from abnormally dry to exceptional drought. Specifically, the State of Alabama is noticeable for being under exceptional drought condition during this period. This 2-year drought, starting roughly from the beginning of 2006 and diminishing at the end of 2008, set record dry conditions in the Southeastern US and led to serious economic consequences. Based on Manuel [27] , this drought caused losses to major field crops including corn, wheat, soybeans, cotton and hey totaled more than $1.3 billion. Furthermore, the severe water supply shortage due to this drought has even sparkled the Tri-State Water Wars among Alabama, Georgia and Florida [28] .
The 2006-2008 Southeastern US drought is likely triggered by La Niña [29] , at least partially, in early 2006. A strong-to-moderate La Niña condition was present in the equatorial Pacific at that time, leading to the below normal precipitation over the Southeastern US. On top of that, the occurrence of a blocking high during August 2007 significantly exacerbated the existing drought conditions [29] .
Following Watson and Colucci [30] , we used a modified version of the blocking detection algorithm which was originally proposed by Tibaldi and Molteni [31] . Atmospheric blocking is defined as the persistence of negative zonal index, which refers to that the 500-mb geopotential heights are higher at 60 • N than at 40 • N and this structure spans at least 20 degrees of longitude for at least five consecutive days. The block onset is defined as the first day on which this definition is satisfied for a particular blocking event. Details on blocking detection criteria can be found in Watson and Colucci [30] . Figure 3 shows the onset and evolution of a blocking event during 10-17 August 2007, which includes the pre-blocking and blocking period. The block-onset day is identified as 13 August 2007, which features a marked ridge dominant over the entire US, with a deepened low pressure located upstream of the blocking high system. The reversal of the westerly wind can be readily observed over the block-onset region, which is one of the most characteristic conditions of blocking. This blocking event lasts five days and ends on 17 August 2007. Due to the presence of this blocking event, weather systems containing precipitation are diverted away from the standing blocking such that the region under blocking is commonly associated with below normal precipitation and scorching temperatures. . It is noticeable that the Southeastern US region features severe precipitation deficit during this month, with the largest departure from normal precipitation being around 100 mm. Given the long-term monthly precipitation is around the same order of magnitude compared to this precipitation deficit, this indicates the very severe drought conditions. For instance, over the northern Alabama, the precipitation deficit for August 2007 is nearly equal to the long-term mean precipitation for August, implying the strikingly dry conditions over this period. This is clearly the manifestation of the intensified drought conditions by the blocking event which occurred concurrently over the same period, bringing more days with clear skies and minimal precipitation due to large subsidence. In terms of time scales, despite that the 2007 August blocking event only lasts for about one week, in contrast to the 2-year Southeastern US drought, the blocking is still capable of worsening the drought conditions during the blocking and even the post-blocking period. For instance, the soil conditions may become much drier during blocking period and this could have longer effect on the drought conditions even after the blocking decays. Hence, this shows clear evidences that blocking could intensify drought conditions during the concurrent period. 
Linkage of Blocking to Southeastern Heatwave of 2007
Heat wave can be defined as the daily maximum temperature of more than five consecutive days exceeding the average maximum temperature by 5 • C (World Meteorological Organization). The possible mechanisms governing heat waves are reasonably summarized by a recent review article by Horton et al. [32] . They pointed out that the underlying drivers for heat waves are atmospheric blocking, which is commonly associated with clear skies with increasing solar insulation on surface, adiabatic warming accompanied by sinking motion, and warm air advection. In terms of mechanisms of persistent boreal summer heat events associated with blocking, they summarized two alternatives: one is resonant circulation regimes leading to persistent blocking and the other is reduced baroclinicty and decreased eddy kinetic energy featured by the boreal summer season.
A record-breaking heat wave arrived across the Southeast of the US in early August of 2007. Frequent impressive strings of greater-than-38 • C heat were reported. As a result of intense heat and minimal rainfall, severe stress is placed upon pastures, livestock and immature summer crops over this region [33] . In specific, Birmingham, Alabama, reached all-time record maximum temperature exceeding 38 • C for at least 10 consecutive days from 6-15 August 2007, as depicted by Figure 5 . The August 2007 blocking event is indeed largely responsible for this historic heatwave over the Southeastern US. Figure 6 shows the 1000-mb (near surface) temperature anomaly apart from the 1981-2010 long-term mean temperature during 10-17 August 2007. It is evident that the above normal temperature anomaly is found over the middle and Southeastern states. Especially, starting from the blocking onset on 13 August 2007, this temperature anomaly field is intensified and migrates more towards the Southeast, with the largest temperature departure exceeding 8 • C. This breaking heatwave lasted till 17 August 2007, which overlaps the ending time of the blocking event. As the block started to dissipate after 17 August 2007, the heatwave intensity also started to decrease and eventually dissolve.
In order to interpret how this marked temperature anomaly is formed through the influence of blocking over the Southeastern US, we need to look further upon the interaction between blocking and heatwave during August 2007. Figure 7 depicts the low-level (700 mb) vertical motion field during 10-17 August 2007. It is worthwhile to note that when the vertical motion (omega) is negative in sign, it refers to the ascent motion, whereas positive signs correspond to the descent motion. During the three-day pre-block period, i.e., 10-12 August as shown in Figure 7a -c, the Southeastern US is primarily dominated by rising motion at low levels. Starting on the block-onset day, 13 August, the sinking motion begins to prevail over the Southeast and further intensifies through 16 August, which is one day prior to block decay. The adiabatic warming associated with this sweeping subsidence during the blocking period undoubtedly contributes to the formation of the above-normal-temperature anomaly during the August 2007 heatwave in the Southeastern US.
Moreover, Figure 8 shows the 850-mb relative humidity overlaid with 850-mb wind vectors during the concurrent blocking and heatwave period in August 2007. A low-level anticyclone is readily observed over the Eastern US during this period, which is attributable to the blocking structure. On 14 August, one day prior to block onset, a very dry center with less than 30% relative humidity is dominant over the Eastern US. With the low-level northernly flow, the very dry and hot air is advected to Alabama and neighboring states, leading to the elevated low-level air temperature over this area. Hence, both the adiabatic warming associated with strong subsidence and the dry-and-warm air advection due to blocking primarily account for the formation of the 2007 August heatwave over the Southeastern US. This is consistent with results from Gouveia et al. [34] and Amraoui et al. [35] who studied the two heatwaves in Greece during July and August 2007 respectively, during which a drought was present concurrently. Their studies showed that the enhanced subsidence and warm-and-dry air advection collectively contribute to the formation of heatwaves in Peloponnese Peninsula of Greece. 
Linkage of Blocking to UHI in Birmingham, AL, USA
In this section, we desire to look further by exploring the impact of blocking on the urban heat island, at a local scale, during the concurrent drought and heatwave. Here we chose to look closely at Birmingham, AL, which is the largest city in Alabama. Birmingham has an estimated population of 212,157, and a metro population of 1,136,650, which is nearly 1/4 of the state's total population. This Southeastern US city is located at 33.5207 • N, 86.8025 • W and has an urban footprint of 385 square kilometer. Figure 9a shows the map of Birmingham, in relative to Alabama and the US, respectively.
In order to accurately identify the specific UHI locations within Birmingham, land type classification is performed to distinguish the urban from the rural type. At first, an unsupervised classification using 12 classes is done to the Landsat image. Then these classes are reclassified to generate three overall classes, which are urban, rural and water, as shown in Figure 9b . The urban classification is found to mainly overlap the Birmingham metropolitan area. Three sites are chosen for investigating the variation of the UHII with the concurrent blocking, drought and heatwave. They primarily represent urban, suburban and rural areas, respectively, as shown in Figure 10a . Specifically, the criteria for choosing urban sites are areas covered by greater than 75% urban surfaces and dominated by concrete, asphalt and other impervious surfaces, whereas the criteria for rural sites are areas less than 20% urban surfaces and dominated by soil and vegetation, according to Hug [36] . The details of the three selected sites for this study are followed.
The urban site was selected for downtown Birmingham, being located within US highway 280 (east) and Interstate 65 (west), as shown in Figure 10b . To the north boundary is Interstate 20 and the south includes University Boulevard. Much of the surface characteristics include asphalt pavement for roads, concrete and steel buildings, and rooftops. Some of the urban characteristics include buildings from the University of Alabama at Birmingham and its medical center, and the historical railroad infrastructure, in addition to the business district. There exists very few vegetative landscape, with the exception of Kelly Ingram Park and Linn Park. By having such a large study area that extends over 7.8 square kilometer, selection bias was limited from including statistical outliers. Interpolating from the approximate distance relationships of similar geographic regions [37] , the suburban area was selected as a comparison site, as shown in Figure 10c , exhibiting more rural physical characteristics. To the north boundaries of Monclair Rd, the area encompasses much of the northern region of Mountain Brook, which is a suburban of Birmingham. Another characteristic of Mountain Brook is the affluence of the area, which has been shown to relate to more vegetation [38] . The suburban site is located within 2 miles (2.876 km) from the urban downtown site.
A principal characteristic of UHII is the anthropogenic effect that is caused from the engineered landscape. By selecting a rural area outside of any towns, the effects caused by housing structures and roads are severely limited, which affords the opportunity to obtain a true temperature value of a natural landscape without the effects brought by human activities [39] . This site is located 14.5 miles (23.39 km) from the urban downtown site, as shown in Figure 10d .
The thermal data in the Landsat satellite imagery is stored as Digital Numbers (DNs). In order to accurately estimate LST, the DNs first need to be converted into radiance values. Next, the processed image is converted to the brightness temperature by using Planck's radiance function. In addition, the Landsat bands are converted to reflectance bands, which are used to calculate the normalized difference vegetation index (NDVI). The land surface emissivity is derived afterwards. With both the brightness temperature and land surface emissivity being available, the LST is computed with the inverse Planck's radiance function. More details on the LST conversion can be found in Sobrino et al. [24] .
The converted LST for Birmingham, AL, USA on 14 August 2007 is shown in Figure 11 . The corresponding local time is CDT 11:18 a.m. for that day. It is noticeable that the Birmingham metropolitan area stands out as being covered in red in this figure. At the selected urban site, which is Downtown Birmingham, the area-averaged LST is 41 • C. Over the selected suburban site, the area-averaged LST is 35 • C; and over the rural site, it is 33 • C. Therefore, the UHII based on the LST difference between the urban and rural sites is 8 • C, on this specific day. [36] . Nevertheless, given Hug [36] provides the surface UHII in Birmingham on only two specific days of 2014, it is nearly impossible to derive a baseline value for the Birmingham surface UHII in the summer season such that our current result can compare against.
Meanwhile, numerous studies have been previously carried out upon the surface UHII evaluations which are summarized in two review articles by Phelan et al. [19] and Rasul et al. [20] , respectively. The review article by Phelan et al. [19] collected the measured surface (skin) UHII of selected cities around the world for recent years. This study pointed out that these major cities experience UHI at a varying degrees, with the seasonal UHII ranging from 4 to 10 • C. On the extreme end, Tran et al. [23] reported the daytime surface UHII in excess of 12 • C for Tokyo, Japan in August 2001, while for Seoul of South Korea, Beijing of China and Shanghai of China, the daytime surface UHII is 8 • C, 10 • C and 7 • C, respectively, for August 2001. Furthermore, according to Rasul et al. [20] , the daytime surface UHII is reported to be 7.5 • C for Vancouver of Canada, 7 • C for Medellin of Colombia and 3.3 • C for Athens, Greece. Therefore, in perspective of previous studies, the surface UHII experienced by Birmingham, AL, USA on 14 August 2007 as found in the current study tends to fall toward the relatively high extreme of UHII during the unusual period of concurrent blocking, drought and heatwave of 2007. This serves partial evidences that atmospheric blocking may be capable of strengthening the UHII through the heatwave. Nevertheless, more work is warranted in the regards of developing the baseline values of Birmingham surface UHII in the summer season so that we would be capable of systematically evaluating the amplifying effect of blocking-associated heat wave upon the surface UHII.
Discussion
Atmospheric blocking is an important large-scale dynamic feature which is commonly studied at the mid-tropospheric level. It often leads to extreme weather events including drought, heatwave, floods and cold air outbreak. Many studies have been done to investigate the dynamics involving how blocking initiates various extreme weather events [5, 6, 10, 11, 40, 41] . Nevertheless, in terms of spatial scales, these studies tend to mostly focus on the regional scale and above. Only very few studies are focused on linking blocking to the local scale. For instance, both Amraoui et al. [35] and Gouveia et al. [34] examined the connection among blocking, drought and wildfires over the Mediterranean basin and Greece, respectively. Hence, in the present study, we chose to examine the dynamical linkages of atmospheric blocking to drought, heatwave and urban heat island at multiple-scales through a case study in the Southeastern US. Based on this thorough diagnostic study in the 2006-2008 drought event, we found that the August 2007 blocking has contributed to reinforcing the drought, initializing the heatwave and strengthening the UHI severity during the concurrent period with blocking.
Under global warming, more severe droughts and heatwaves tend to be projected for future climate. Nevertheless, Seager et al. [29] investigated a series of past Southeastern US droughts (1856-2007) with both observational and modeling studies and found that the summer-season precipitation variability in the Southeast of the US appears governed by purely internal atmospheric variability instead of anthropogenic climate change. In particular, they examined the same 2006-2008 drought event as we did here and showed that this severe drought has no signature of global warming caused by human activities. Hence, we need to always exercise with extreme caution when attempting to interpret the origin of the rising severe droughts and heatwaves.
In terms of internal atmospheric variability, the ENSO and blocking could be two major possibilities that cause the formation of severe droughts. For instance, the long standing 2011-2014 California drought has attracted much attention due to its prolonged duration and severity. Recent studies by Wang et al. [5] , Teng and Branstator [6] , Seager et al. [7] all pointed out that this significant drought is originated from a persistent blocking, instead of the ENSO phases. On the other hand, for the 2006-2008 Southeastern US drought, it is believed to be triggered by the La Niña at the beginning, and then intensified by the blocking during the summer of 2008. Therefore, thorough diagnostic study is warranted before the origin of a severe drought can be determined.
In terms of the interaction between UHI and heatwave, Li and Bou-Zeid [42] performed a modeling study with the Weather and Research Forecasting (WRF) model on two sites in Maryland of the US and found that the urban and rural temperatures do not respond to the heatwave in a same way. In specific, Li and Bou-Zeid [42] pointed out that the heatwave tends to intensify the UHII through enhancing the urban temperature more than increasing the ambient rural temperatures. This intensified UHI is attributable to the insufficient soil moisture over the urban area (leading to less latent heat by evapotransporation and more sensible heat) as well as low wind during the heatwave. In the present study, the influence of blocking on UHI is, in fact, fulfilled via the heatwave during the August 2007. The heatwave serves as the intermediate media between blocking and UHI, from the perspective of spatial scales. Meanwhile, the feedbacks between heat waves and UHI continues to be a hot topic drawing a lot of attention from the climate science community. For instance, a recent study by Li et al. [43] pointed out the contrasting responses of urban and rural surface energy budget to heat waves in Beijing, China. In another study, by Founda and Santamouris [44] , a positive feedback between heat waves and UHI is discussed over the coastal sites of Greece.
In the previous studies on the dynamical relation between blocking and extreme weather events, most of them tended to merely focus on the causality of extreme weather events by atmospheric blocking instead of feedback to the blocking. A few studies, such as Fischer and Seneviratne [10] , Hirsch et al. [45] , have investigated the feedback of droughts-, heatwaves-associated soil moisture variations and UHI-associated land use land cover (LULC) change to blocking. Specifically, Fischer and Seneviratne [10] studied the interaction between the 2003 European heatwave and the concurrent notable blocking, and found that the soil moisture deficit from the earlier months before the heatwave led to the reduced latent heating and enhanced sensible heating. This causes the formation of a low-level thermal low pressure center and the amplification of the upper-level ridge, which in turn helps amplify the blocking structure. As for the feedback of LULC change to blocking, Hirsch et al. [45] showed that the LULC change alters the atmospheric circulation through the similar soil moisture feedback such that the LULC change would influence the variability of blocking. Hence, it is worth studying how droughts, heatwave and urban heat island feedback to blocking via the surface flux balance and radiation budget in a systematic way. To put all these feedback together, we schematically depict the dynamical interaction among blocking, drought, heatwave and urban heat island through Figure 12 . 
Conclusions and Further Work
During 13-17 August 2007, a striking atmospheric blocking persisted over the US, exacerbating the existing drought over the Southeastern US. This drought was originally initiated near the beginning of 2006 by La Niña conditions. Due to the presence of the 2017 August blocking, severe precipitation deficit is observed concurrently, which is largely contributed by the blocking-induced increasing surface insolation with more days of clear sky and enhanced subsidence. The presence of the blocking event not only intensified the drought, but also led to a record-breaking heatwave over the Southeast of the US. In particular, on the block onset day 13 August 2007, a well-above normal temperature anomaly was observed over the Southeastern US, which is indicative of a marked heat wave. The excessive heat observed during this heatwave is attributable to the subsidence-associated adiabatic warming as well as the dry-and-warm air advection over the Alabama and neighboring states. This breaking heatwave lasts till 17 August 2007, which coincides with the breaking-down time of the block. At the local scale, we choose Birmingham, AL, as the study area for exploring the blocking influence on surface UHII. Based on the Landsat 5 TM thermal band 6 data, land surface temperature is converted over the Birmingham metropolitan area and the largest surface UHII is found to be 8 • C in this area. This value appears within the reasonable range of surface UHII values compared to a similar study done in Birmingham, AL, USA. Nevertheless, more study is warranted to develop a long-term surface UHII baseline during the summer season of Birmingham, AL, USA such that we would be able to systematically assess the amplifying effect of blocking-induced heat wave events on the local surface UHII. Hence, the present work provides a unique case study in which blocking, drought, heatwave and UHI all occur concurrently, and interplay across a spectrum of spatial scales including large scale, regional scale and local scale. Blocking was found to reinforce the drought, initiate the heatwave and probably amplify the UHI through this unique case.
With the warming global climate, recently, the discussion on how atmospheric blocking would respond to polar amplification has become the center of hot debate. In particular, researchers desire to find out whether polar amplification would enhance the frequency or intensity of extreme weather events, via the variations of blocking behavior under global warming. As for future work, we intend to perform a systematic evaluation upon past blocking events in accordance with past droughts, heatwaves and UHI at selected sites. We plan to address the question: How often are the past extreme weather events caused by atmospheric block and what is the response of blocking to polar amplification? In addition, we would be also interested in further exploring the feedback of extreme weather events (such as droughts and heatwaves) to blocking via atmosphere-land coupling including the feedback of soil moisture and land use land cover change to atmosphere.
